We report on the observation of coherent electronic wave-packet oscillations in a semiconductor heterostructure at room temperature. Bloch oscillations are excited in a wide-miniband GaAs/Al0.3GaO.7As superlattice by femtosecond laser pulses. Several cycles of the coherent electronic motion are observed within the dephasing time of the intraband polarization. The frequency can be tuned by the applied electric field from 4.5 to 8 THz.
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The advent of ultrashort laser pulses and the progress in the growth of high-quality semiconductor heterostructures have enabled the time-resolved observation of a wide variety of quantum beat phenomena. 1 These quantum beats are based on the coherent superposition of two or more eigenstates like light-hole and heavy-hole excitons,2,3 bound and free excitons, 4 coupled states in double quantum weHs,5,6 excitons and biexcitons in~uantum weHs, 7 and WannierStark states in superlattices, -11 which are weIl known as Bloch osciHations (BO's). Most of these experiments involve the optical excitation of excitonic states and have been performed at liquid helium or nitrogen temperature. Therefore, it is widely accepted that the observation of quantum coherence in 111-V semiconductor heterostructures relies on the stability of excitonic states at low lattice temperatures,12 where the binding energy of the excitons is larger than the thermal energy of the lattice. Here we report on the observation of quantum coherence of electronic wave packets in a GaAs/AlO.3GaO.7As superlattice (SL) at room temperature.
The optical excitation of coherent BO's in semiconductor superlattices (SL's) and their time-resolved observation using femtosecond laser pulses has recently gained strong interest. The opticaHy controlled coherent excitation of several Wannier-Stark (WS) transitions 13 ,14 creates a nonstationary wave packet in a biased SL. In close analogy to semiclassical BO's in solid state,15,16 the electronic wave packets perform oscillations in real and k space under the combined influence of a periodic potential of the SL and a static electric field. 17 The BO's frequency v can be tuned by the electric field F according to v=eFd/h, where d is the SL period. The equivalence of the semiclassical Bloch theory and the quantum mechanical picture has been shown by Bastard and Ferreira. 18 The existence of BO's in GaAs/AlxGa1-xAs SL's has been demonstrated in several independent experiments. 8 -n ,19 BO's were observed in four-wave mixing (FWM),8,9,19 via the emission of THz radiation,1°and recently via the detection of the internal intraband polarization associated with the coherent electronic motion in transmittive electro-optic sampling (TEOS).ll Up to now, these studies have been performed at temperatures weIl below 300 K, since there the coherence of excitonic wave packets persists up to several picoseconds. At room temperature, the thermal energy kT is much larger than the exciton binding energy of some meV in GaAs/AlxGal-xAs SL's leading to a rapid ionization of excitons and a concomitant loss of the excitonic phase coherence within 100 fs. The observation of BO's has attracted special interest, since they are a potential source of radiation tunable in the range of 100 GHz to some THz.
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Therefore, the observation of tunable BO's at room temperature is highly desirable.
Recently, we distinguished between BO's performed by exitonic and continuum states as observed in simultaneously recorded interband (valence to conduction band) and intraband (between WS states in the conduction band) experiments, respectively.20 At lOK, the intraband dephasing of BO's originating from electrons in continuum states was found to be slower than the dephasing of excitonic BO's. This result was the first hint that the room temperature observation should not be precluded by the excitonic dephasing time. BO's at room temperature cannot be observed in FWM experiments, since the thermal ionization of excitons and the application of a shorter laser pulse both imply the strong population of continuum states. Under such conditions the FWM signal is rapidly destroyed due to scattering of continuum states with excitons and exciton-phonon interaction.2 1 ,12 For experiments at 300 K, we therefore apply a technique sensitive to the intraband polarization of BO's like THz emission or TEOS. The limited bandwidth of the detectors available for THz emission experiments makes the application of TEOS more favorable, since the time resolution is only limited to the duration of the laser pulse. However, TEOS directly measures the internal polarization responsible for THz emission from BO's.
The equivalent of BO's in time domain is the WS ladder in the frequency domain,13,14 which has been studied extensively, e.g., in cw-photocurrent measurements. WS transitions have been observed at room temperature by several groups in GaAs/AlxGal-xAs and GaAs/AlAs SL'S.22-24 From the maximum index of WS transitions observed the electronic coherence length of up to 11 times the SL period has been observed in short-period SL's. However, the observation of a WS transition in an absorption or photocurrent spectrum does not provide information on the dephasing time of the coherent motion of electronic wave packets.
The laser source is a Kerr-Iens mode-Iocked Ti-sapphire laser that delivers pulses with 40 fs pulse duration and a spectral width of 40 meV at a repetition rate of 82 MHz. TEOS is a conventional pump-probe technique in transmission geometry, where a circularly polarized probe pulse is analyzed polarization-sensitively as a function of the time delay with respect to a stronger, linearly polarized pump pulse. The detected transmission changes are in first order proportional to changes in the polarization P z directed parallel to the growth direction of the superlattice.
11 Bloch oscillations appear in the signal due to the macroscopic dipole associated with the coherent center-of-mass motion of electrons relative to localized holes. II Additionally, changes in P z can be observed which originate from an incoherent current through the SL thus screening the applied electric field.
The SL consists of 35 periods of 67 A wide GaAs wells and 17 A wide Alo.3Gao.7As barriers. The SL is placed between intrinsic Alo.3Gao.7As buffers. This structure of a total intrinsic region of 1 /-Lm is grown on an n -type doped substrate. An external bias can be applied via an Ohmic contact on the substrate and a semitransparent CrlAu Schottky contact on top of the sampie. For transmission measurements, the substrate has been partially removed by wet etching. For the lowest electronic miniband, a width of 36 meV is calculated using the Kronig-Penney model. The small width of the heavy-hole (hh) miniband of 2.5 meV leads to a strong 10-calization of the wave functions even at small electric fields. The WS ladder in the SL has been measured in photocurrent spectroscopy at 10 K. At 300 K, the WS ladder is not resolved due to broadening of the excitonic transitions. The laser wavelength is centered at 845 nm between the hh to 0 and the hh to -1 WS transition at higherfields applied. At lower fields, where the splitting of WS states is weIl below the spectral width of the laser pulse, a whole set of WS transitions is excited. Figure 1 shows· a typical TEOS signal for a reverse bias voltage of -2.9 V at an excitation density of 2X 10 9 carriers per cm 2 at room temperature. The signal consists of a steplike contribution at zero time delay followed by a strong oscillating modulation due to the excitation of BO's. The rise of the TEOS signal additionally monitors incoherent electric field changes in the SL due to carrier transport through the structure. This current is a direct measure of Bloch electrons which have undergone a scattering process. The simultaneously recorded FWM signal (not shown) only exhibits an autocorrelation peak at zero time delay indicating that the dephasing of the nonlinear interband polarization is by far too fast for allowing the observation of BO's. The field changes observed within the dephasing time of the BO 's will influence both their frequency and their dephasing. The field screening will introduce a redshift of the BO frequency with time due to a reduction of the WS splitting. More important, the field changes within the SL will not be homogeneous due to an inhomogeneous excitation density associated with the absorption profile of the laser pulse and due to different mobilities of electron and holes. Such strongly inhomogeneous field distributions have been observed after pulsed excitation of a biased GaAs film. 25 In the SL, these inhomogeneous fields result in a superposition of BO 's with different frequencies leading to an increase in "dephasing" time.
In Fig. 2 the BO induced signals numerically extracted from TEOS data are -shown for several reverse bias voltages applied to the sampie. The increase of frequency with increasing voltage is clearly visible. The dephasing time as determined by numerical fits to the data is approximately constant over the whole voltage range (7= 130 fs). The fits are based on a monoexponential decaying sine. For some bias values the decay of the amplitude is clearly not monoexponential. This observation is attributed to the inhomogeneity of the electric fields. In Fig. 3 , the Fourier transforms of some time-domain data are shown. The width of the Fourier spectra does not change significantly over the frequency range depicted. The asymmetric shape of the spectra indicate a nonexponential dephasing. We estimate the accuracy in the determination of the peak position of the BO's to be approximately 0.5 THz. thermal energy of kT=25 meV. This lower limit is not only determined by the dephasing time, but also strongly dependent on the spectral width of the laser pulse (40 meV). At a WS splitting below 20 meV the laser excites several WS transitions with positive and negative index according to their absorption strength. The superposition of the, e.g., + 1 and -1 WS transition leads to a breathing motion of the wave packet,31 which is not associated with a net intraband polarization and does therefore not appear in the TEOS signal. The upper frequency observed of 8 THz corresponds to the frequency of the TO phonon of GaAs. A linear fit to the frequencies gives a slope of (2~1 ± 0.3) THzN. The theoretical slope expected for the sampIe parameters is ed/hZ intr=2. 29 THz~where Zintr is the length of the total intrinsic region of the SL structure. So the difference in the slopes is within the experimental error. For excitonic quantum beats as observable in FWM experiments at low temperatures, a smaller slope is expected due to the field dependence of the excitonic binding energies. 20 This effect is based on the increasing exciton binding energy of the hh to 0 WS transition due to increasing localization of the electronic wave function at higher field and a decrease of the binding energy of the "indirect" hh to -1 WS transition, thus the excitonic BO frequency should be about 1 THz below eFd/h when the electric field is equal to the miniband width divided by e d. Therefore the agreement between the theoretical and the experimental frequency/field relation shows that the os-
Voltage ( cillations are due to electrons in continuum states. A deviation from the semiclassical frequency/field relation for BO's is expected when the BO's are in resonance with the LO phonon. 26 Up to now, coherent oscillations observed in GaAs in this frequency range originate from coherent lattice vibrations. 27 In Fig. 5 we compare the BO induced TEOS signal at room temperature with BO's recorded at a lattice temperature of 10 K in the same sampIe. For the low temperature experiment, the sampIe is placed in a cryostat and the laser wavelength is adjusted to the shift of the band edge to 800 nm. The excitation densities are approximately the same for both experiments as indicated by the same amplitude of the BO's at time-delay zero. The two curves are chosen at bias voltages, where the frequency in both experiments matches. The reverse bias has to be adjusted to higher values at low temperatures, since the frequency/voltage relation deviates from the theoretical expected value due to cw accumulation of carriers at the AlO.3GaO.7As cladding barriers of the SL at the high laser repetition rate. At room temperature, this effect is not observed since thermionic emission of carriers over the cladding barriers suppresses the accumulation effect. The dephasing time of the BO's at 10 K is 370 fs. Hence, the dephasing time at 300 K is decreased by a factor of 3, as it is also clearly observed in the different widths of the Fourier spectra. We like to note that in a SL with a narrower miniband width of 18 meV we have observed a dephasing time of 2.8 ps at 10 K and excitation with a laser pulse of smaller bandwidth (22 meV).l1 We attribute the longer dephasing time (i) to the more homogeneous excitation conditions obtained with the narrower laser spectrum and (ii) to a better sampIe quality. 28 Several theoretical and experimental works considered the dephasing of BO'S.11, 19, [29] [30] [31] pointed out that BO's should not be observable in SL's with miniband widths exceeding the energy of an optical phonon. 30 However, our results demonstrate the observation of BO 's in a wide miniband SL even with frequencies up to the TO phonon. The decrease of the dephasing time by a factor of 3 when increasing the lattice temperature from 10 K to room temperature is surprisingly small. In FWM experiments, the excitonic dephasing time has been determined to increase by more than a factor of 10 from 10 K to 300 K due to the increase of scattering with thermally occupied acoustic and optical phonons. 21 This confirms the assumption of an exceptionally slow dephasing of continuum states.2°Tbe difference in the dephasing time of the electronic and the excitonic wave packets at a given temperature can be principally explained by the different interactions responsible for dephasing of the intraband and interband polarization, respectively. The excitonic interband coherence is destroyed by interactions in both valence and conduction bands, while the intraband polarization is only influenced by scattering processes in one band. However, the temperature dependence of the dephasing time observed in TEOS is still surprisingly weak, when we assurne the same temperature dependence for phonon scattering rates of excitons as for electrons. One further dephasing mechanism increasing with temperature is the effect of transient inhomogeneous fields. Due to a reduced scattering of Bloch wave packets at low temperatures, the internal field remains more homogeneous due to a reduced incoherent current. Clearly, the observed temperature dependence of the intraband dephasing time requires further investigation. One possibility to resolve this discrepancy is that the macroscopic phase of the ·electronic wave packets oscil-
